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Comprehensive molecular dynamics simulations, employing a coarse-grained bead-spring model, are
conducted to study the failure of adhesion between two immiscible polymers stitched together via
mobile promoters. A realistic model under separating tension is constructed that enables both chain pull-
ing out viscously and bulk dissipation in two dissimilar glassy polymers that one is dense melt and
another is loose. The contributions to the adhesion energy from thermodynamics and chain suction
are studied for dependence of the strain rate at ﬁxed basic molecular parameters. With low density of
connectors, either adhesion toughness or strength changes slightly with separation strain rate as viscous
loss is negligible. But rate effects become evident for long connectors with high density, viscoelastic slid-
ing friction and reptation of chains dominate and the fracture energy increases with strain rate. The
results provide insights into the evolution of adhesion surfaces coupled with promoter molecular slipping
out of bulk melts, which are useful for future developments of continuum models for failure of polymeric
interfaces.
 2013 Elsevier Ltd. All rights reserved.1. Introduction
Polymer adhesion presents a method for improving bonds and
sealing strength between immiscible melts joined together by
adhesive promoters dissolved into either bulk, or between miscible
melts adhered by self-adhesion through weak van der Waals inter-
actions. Promoter molecules can adhere or penetrate into either
polymer as bridges above glass transition temperature Tg, while
molecules from miscible polymers interact with each other
directly, and chains will be entangled or cross-linked, thus the
macroscopic interface becomes interdiffused. Adhesion toughness
is then primarily determined by the rearrangement or restructur-
ing of surface molecules/promoters across the interface. Moreover,
surface chains could be sucked out under mechanical loading of
separation, and taut molecules might undergo random and end-
wise scission, which is known as adhesive fracture. Adhesion
between any pair of polymers can be well enhanced if the interface
can sustain sufﬁcient stress to induce dissipation, such as ﬂow,
yielding or crazing, in the bulk. To evaluate adhesion strength of
weak interfaces, chemical bonding, chain entanglement, areal den-
sity of connectors, mismatch of bi-materials, mechanical rough-
ness, and loading rates etc. should be considered to bridge thegap between polymer science and interfacial fracture mechanics.
However, the microscopic mechanism of fracture or debonding of
polymer adhesion is still open due to the complexity of the real sit-
uation of molecular level coupling at the interface with/without
connectors and the energy dissipation process in the bulks adja-
cent to the interface, despite of existed excellent two-dimensional
models (Brochard-Wyart et al., 1994; De Gennes and Leger, 1982;
Brown, 1991; Ji and De Gennes, 1993; Raphael and De Gennes,
1992).
For studying polymer systems, one of the main unresolved
problems is the time-scale and length-scale gaps between compu-
tational and experimental methods. Coarse-grained molecular
dynamics simulations (CG–MD), representing a system by a
reduced number of degrees of freedom and elimination of ﬁne
interaction details, has become a powerful tool (Yokomizo et al.,
2012; Doi and Edwards, 1988; Kremer and Grest, 1990), and runs
faster than that for the same system in all-atom representation.
As a result, an increase of orders of magnitude in the simulation
time and length scales can be achieved.
Previous CG–MD simulations mainly focused on the adhesion
between a glassy polymer and a rigid substrate chemically
attached with end-grafted chains. However, real adhesion junc-
tions often contain two polymer blocks and promoters that are free
at both ends and can wander into the polymer matrix, which is ex-
tremely sensitive to the polydispersity of mobile connectors
(Brochard-Wyart et al., 1994), Fig. 1 describes the situation. The
Fig. 1. Adhesion models of two immiscible glassy polymers with connector promoters. Mobile connector molecules (red) with a areal density of 0.008r2 (or 0.024r2) enter
freely into one dense melt (green) and another loose melt (blue) to form a 3D model in an MD cell (black) with initial dimensions of Lx0  32r, Ly0  32r and Lz0  65r before
equilibration. Each chain of either polymer melt contains 500 beads with a density of q  0.85r3, each chain of connector has 100 (150 or 200) beads, all the length of chain
are well chosen relative to the entanglement length (estimated in the range 40  80). In x and y directions, periodic boundary conditions are employed. Their effects are not
represented in the ﬁgure by re-introducing the outside beads back in the simulation box, thus all chains and their mirrors as a whole in neighbor MD cells are shown. (For
interpretation of the references to colour in this ﬁgure caption, the reader is referred to the web version of this article.)
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dissipation taking place on either melt cannot be ignored. It was
also shown that the areal density and molecular weight of the
copolymer chains played important roles on the fracture mecha-
nism at PS–PVP interfaces reinforced with PS–PVP block copoly-
mers in experiments (Creton et al., 1992; Washiyama et al., 1994).
Therefore, we here conduct large amounts of CG–MD simula-
tions on adhesion of two glassy polymers (one dense melt and
another loose) joined initially by mobile connector chains, consid-
ering the deformations and dissipations of both bulks and connec-
tors. The complicated viscous process involving chain pulling out,
crazing and scission are strongly dependent on the separation
strain rate dczz/dt (Mulliken and Boyce, 2006), the areal density
of connectorR, and the length of connector chain n. This parameter
space is more abundant than one can investigate at the same time,
however we only focus attention to the effects of dczz/dt, with
n = 100, 150, 200 of R = 0.008r2 (mushroom regime) or
0.024r2 (overlapping brush regime) at a ﬁxed temperature
T = 0.1e/kB (the LJ units r and e will be deﬁned elsewhere, the
Boltzmann’s constant kB = 1.0), while another possibility of chemi-
cal scission for the chains is not incorporated presently for our
loose system. In fact, for most loose systems, the force on the con-
nectors is far below the chemical rupture forces (Brochard-Wyart
et al., 1994). Thus, in the low-velocity regime, scission is indeed
negligible for loose systems of unbranched connectors.2. Coarse-grained bead-spring models of polymers
Our simulations follow the methodology described in previous
literature. A generic bead-spring model that describes the coarse-
grained behavior of polymers is used. The polymer chains (belong-
ing to either the bulks or a connector) are treated as sequences of
beads interconnected by springs, using a representation based on
the Kremer–Grest model (Kremer and Grest, 1990), but extended
to account for stiffness along the chain backbone and attractive
interaction as well. The connectors penetrate sequentially into
both bulks: each successive connector is immersed in a different
polymer bulk while only one-stitch is made at the interface, and
uniformly distributed at the interface between the two melts at a
speciﬁc areal density R. Each chain of polymer melt containsN = 500 spherical beads with a bead density of q = 0.85r3 that
interact with a truncated and shifted Lennard–Jones (LJ) potential
ULJðrÞ ¼ 4e rr
 12
 r
r
 6
 r
rc
 12
þ r
rc
 6" #
; r < rc ð1Þ
where r is the distance between any two beads, and ULJ(r) = 0 for
rP rc. The binding energy e and molecular diameter r are used to
deﬁne our units in dimensionless values relative to the LJ units.
The unit of time s = (mr2/e)1/2, where m is the bead mass. LJ units
can be conversed with SI units for a particular material in which
the bead is a possible group of polymer units, e.g. r  0.5 nm,
s  1.9 ps for PMMA (m = 1.660  1025 kg). Inside individual poly-
mer bulk, the interaction between any two bulk beads is with the
same r and e. Two beads from dissimilar bulks repel each other di-
rectly, the LJ interaction is repulsive. However, to realize the adhe-
sion, the attractive part of the LJ potential is incorporated for
connector-bead and bulk-bead interaction by setting rc > 21/6r.
Adjacent beads along the chain are coupled with the ﬁnitely exten-
sible nonlinear elastic (FENE) potential
UFENEðrÞ ¼ kR20 ln 1
r
R0
 2" #
; r < R0 ð2Þ
The standard values k = 30u0/r2 and R0 = 1.5r are employed.
The ULJ + UFENE combination is asymmetric with respect to the
equilibrium bond length 0.96r (Kremer and Grest, 1990). The
entanglement density is varied by the stiffness along the polymer
chain that is enhanced by using a bending potential and a torsion
potential acting on three, respectively four, consecutively con-
nected beads (Bulacu and Van der Giessen, 2009; 2011). In addi-
tion, each bead from the polymer bulks interacts with the virtual
upper and lower rigid walls of MD simulation box via an integrated
Lennard–Jones (LJ) potential
UwallLJ ðzÞ ¼
2pewall
3
2
15
r
z
 9
 r
z
 3 
; z < zwallc ð3Þ
with zwallc = 2.2r, the binding energy ewall = 2.0e. Strongly attractive
walls are employed to prevent adhesive failure between bulk melts
and substrates during stretching (Sides et al., 2001).
Fig. 2. Variation with vertical strain czz of stress Tzz needed to deform the MD cell at
different strain rate dczz/dt, with connector areal density R = 0.024r2 in the brush
regime and connector chain length n = 150.
Fig. 3. Total integrated workW varied with time t at the indicated strain rates dczz/
dt in system with connector density R = 0.024r2 and length n = 150. The ﬁnal
value of W gives the toughness of adhesion G, which increases with dczz/dt.
Fig. 4. Peak stress Tpzz (black hollow, cross and solid squares) and adhesion energy G
(red hollow, cross and solid circles) vary with separation strain rate dczz/dt and
connector length n. (a) With connector areal density R = 0.008r2, dczz/dt seems to
have no obvious effect on Tpzz and G even with a 100 times increment of dczz/dt, but
strain rate effect becomes noticeable for long connectors n = 200. (b) Both Tpzz and G
increase signiﬁcantly at dczz/dt = 0.5  105s1 to 0.5  103s1 with R = 0.024r2.
The unexpected eventual cohesive failure of loose melt at the substrate limits the
range of integrated work, thus G decays for long connectors n = 200 with
R = 0.024r2 at dczz/dt = 0.5  105s1 in (b) (red solid circle). (For interpretation
of the references to colour in this ﬁgure caption, the reader is referred to the web
version of this article.)
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The MD-samples are prepared carefully prior to the debonding
simulations following the methods described in Zhang (2013a,b),
Auhl et al. (2003). Two polymers with connectors randomly pene-
trating across the interface are placed in one MD-box, see Fig. 1.
We then vary the interaction 12-6 LJ potential between
beads among blue melts, i.e., by setting cutoff radius
rc = 1.3  21/6r, and green melts rc = 1.5  21/6r, and connectors
rc = 21/6r to mimic different materials (Baljon and Robbins, 2001)
quantitatively without further veriﬁcations by real polymeric con-
stants. For each connector-bead and melt-bead interaction, con-
nector chains as adhesion promoters are compatible with blue
melt rc = 1.3  21/6r and green melt rc = 1.5  21/6r, and make
interdiffusion possible, therefore can strengthen the interface.
The melts themselves repel each other described by a repulsive
12-6 LJ potential (i.e., rc = 0.85r), thus weak van der Waals interac-
tions between two interfacial surfaces are not involved. The top
plane (virtual wall) is displaced upward along the z-axis during
separation, while the bottom substrate is ﬁxed, and lateral defor-
mation is restrained.
Prior to tension, the system is weakly coupled with ﬁrst-order
kinetics to an external heat bath with given temperature and a
ﬁrst-order kinetic relaxation of the pressure, thus both the pres-
sure and temperature approach our desired values (Berendsen
et al., 1984). During the NPT ensemble, we raise the temperature
to 1.0e/kB giving an increased efﬁciency for several million time
steps in order to equilibrate and fasten interdiffusion of the adhe-
sion system, viz., thermal welding. After that, the temperature was
cooled down to 0.1e/kB and the overall pressure P  0. The temper-
ature is kept constant by coupling the system to a Langevin ther-mostat with the friction coefﬁcient 0.5s1 and the strength of the
Gaussian white-noise force 3.0kBTs1. The majority of the calcula-
tion experiments are performed at 0.1e/kB that is below the glass
transition temperature of polymer bulks with RIS chains, estimated
as TgRIS = 0.7e/kB (Bulacu and Van der Giessen, 2011). The equations
of motion are integrated using the velocity-Verlet algorithm
(Swope et al., 1982) with a time step Dt = 0.01s (Bulacu and Van
der Giessen, 2009).
We then impose vertical deformation to the MD cell by
quasistatically moving the top virtual LJ-wall in the z-direction
(increase Lz) while ﬁxing the bottom wall, i.e. applying separation
strain czz = (Lz  Lz0)/Lz0 simultaneously, and periodic boundary
conditions are supplemented in the x and y directions, i.e. without
lateral strain maintaining constant Lx and Ly, see Fig. 1.
4. Virial stress, work exerted and adhesion energy
The virial stress is commonly used to represent the macroscopic
(continuum) stress in molecular dynamics computations. Although
virial expression displays unphysical oscillations in the region of an
atomic-level inhomogeneity, it can average through the overall
volume, thus suitable for describing inhomogeneous polymer
adhesions. The macroscopic stress tensor T in a macroscopically
small, but microscopically large, volume X is typically taken to be
Tij ¼ 1X
XX
a
mðaÞ v ðaÞi  v i
 
v ðaÞj  v j
 
þ 1
2
X
b
xðbÞi  xðaÞi
 
f ðabÞj
 !
ð4Þ
where m(a) is the mass of the ath molecule in X, vector x(a) its posi-
tion, with Cartesian components (x1(a),x2(a),x3(a)) = (x(a),y(a),z(a)),
Fig. 5. Adhesion conﬁgurations with areal density of connector R = 0.008r2, chain
length of connector n = 150 and strain rate dczz/dt = 0.5  103s1 (a), 1.0  104s1
(b) and 0.5  105s1 (c) respectively at peak stresses; at failures (d), (e) and (f)
during tensile deformation. Periodic boundary conditions are employed in x and y
directions and their effects are represented in the ﬁgures by re-introducing the
outside beads back in the MD box. Partial views of green melts above dash lines are
placed on the top for comparison of bulk ﬂow, while no obvious dissipation can be
observed.
Fig. 6. Snapshots at peak stresses (a)–(c) and at failures (d)–(f) with R = 0.024r2.
Other notations for the scheme are the same as Fig. 5. Bulk ﬂow becomes evident for
loose melts (blue). (For interpretation of the references to color in this ﬁgure legend,
the reader is referred to the web version of this article.)
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static loading, and f(ab) is the force on molecule a exerted by
another molecule b.
During the simulations we measure the total integrated work
(per unit of cross-sectional area) exerted at t
WðtÞ ¼
Z t
0
Tnzz _czzLz0ds ð5Þ
where Tnzz is the magnitude of the vertical traction stress measured
in a Lagrangian section across the center of MD cell (Liu and Qiu,2009). The ﬁnal limit of integrated work is known as measured
adhesion energy G that is strongly inﬂuenced by the viscoelastic
nature of the adhesive.
The above procedures and expressions are all incorporated in
our simulation codes.5. Results and discussions
5.1. Stress–strain responses
To evaluate the strain rate response, we ﬁrst examine evolu-
tions in failure mode during separation with connector chain
length n = 150 and R = 0.024r2 in systems. After equilibration,
the virtual wall is separated at strain rates dczz/dt = 0.5  103s1,
1.0  104s1 and 0.5  105s1 respectively. Fig. 2 shows the
stress needed to stretch the adhesive melts as a function of the
strain applied. Due to the limit of relaxing time and inhomoge-
neous interface in simulations within a ﬁxed spacing that lateral
stresses cannot fully relax in the geometry, the initial vertical com-
ponent of viral stresses (volume average) Tzz are not exactly zero.
For small deformations, the polymer responds elastically: There
is a linear increase in stress with strain. The stress continues to rise
until it reaches a yield stress and then drops sharply. This initial
peak and drop is dependent on strain rate, see Fig. 2, it is evident
for low dczz/dt. With connector density R = 0.024r2 in the over-
lapping brush regime, the adhesion becomes arrested presumably
by well entanglements. The adhesive interface is strengthened by
the connector molecules that penetrate into either bulk, thus the
system is merged together as a whole. Hyperelastic polymers will
initially be linear, but at a certain point (initial peak), the stress–
strain curve will reach a plateau due to the release of energy as
heat while straining the material. Then, at another point, the elastic
modulus of the material will increase again. This hyperelasticity is
often observed in early stage in Fig. 2. Cross-linked (entanglements
between chains act like chemical crosslink, see Figs. 5 and 6) poly-
mers will act in this way because initially the polymer chains can
move relative to each other when a stress is applied, and thus ﬂow
resulting in strain softening. However, at another certain point, the
polymer chains will be stretched to the maximum that the bonding
links will allow, and this will cause a dramatic increase in the elas-
tic modulus of the material, say strain hardening. After plastic ﬂow,
a craze usually develops via the initiation of a cavity, the growth of
instabilities and ﬁnally the coalescence of holes in melts (Kramer,
1983), see Figs. 5 and 6.
A model for large extensions in high polymers below Tg has
been proposed (Haward et al., 1968). Thus the stress–strain curve
is analyzed in terms of three simpliﬁed processes: a constant
Hookean modulus; a high internal viscosity (treated as an Eyring
viscosity); a limited elastic extensibility. Namely, polymers will
experience strain softening and hardening. Actually, the stress at
large deformations can be decomposed into two separate contribu-
tions: a viscous component usually referred to as the ﬂow stress,
related to intermolecular interactions on segmental scale, and a
neoHookean strain hardening component originating from an
entropic-elastic response of the entangled molecular network.
These nonlinear phenomena appeared apparently in Fig. 2.5.2. External work, peak stress and adhesion energy
The total work per unit area, given by the total integral of stress
vs. time, is shown in Fig. 3. External work increases with time and
reaches a plateau that gives the toughness after failure. W(t) is
measured for a sufﬁciently long time such that either end of the
connector chain has completely been pulled out from either melt.
Peak stress somehow can be a measurement of adhesion strength,
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have dependence on strain rate, especially for longer connectors
since the thermodynamics are dominated by the increased mono-
meric friction and reptation with the length of entangled segments
as T is lowered below the glass transition temperature. Due to the
viscous slipping out of chains, i.e. disentanglement, the toughness
shows dependence on time, say strain rate effects.
For surfaces composed of chain molecules, their adhesion is lar-
gely determined by the rearrangement of molecular groups to en-
hance the number and/or strength of contacting bonds
(interdigitating chain segments) across the interface, and is attrib-
uted to the entanglement and restructuring of their segments that
initially penetrated into the bulk mainly as loops (Ji and De Gennes,
1993; Xue et al., 2010). At higher separation velocities, a com-
pletely different process becomes important, namely, the viscous
relaxation of the mobile chains, far from the interface. The connec-
tor chains that get entangled during interdigitating gradually
disentangle during slipping out of melts. The transition from
stick–slip to smooth sliding will occur more readily. At zero sepa-
ration velocity (quasistatic limit), it is thus clear that the fracture
energy is no other than the work to pull out connector chains at
a constant stress over a distance. Above a characteristic velocity,
viscous loss dominates and the fracture energy increases with
the velocity.
In Fig. 4(a), either adhesion toughness or strength (peak stress)
change slightly with separation strain rate (directly proportional to
velocity) increased 100 times, this might be due to the low density
of connectors R = 0.008r2 that viscous loss is not leading. Actu-
ally, we have treated glassy systems as their behavior tends to be
only weakly dependent on the pull velocity for a wide range of
velocities. However, the toughness or strength increase consider-
ably as R = 0.024r2 with long connectors even at a relative low
strain rate dczz/dt = 0.5  105s1 (velocity  3.25  104rs1), in
Fig. 4(b), except that melt is pulled off the wall thus toughness
drops behind. The viscous disentanglement of chains is deﬁnitely
related to reptation and ﬁctions among chain molecules, i.e. den-
sity and entangled length of connector, thus adhesion failure
shows time and strain rate dependence.
5.3. Snapshots of polymer–polymer adhesion
Conﬁgurations of polymer–polymer adhesion at peak stresses
and failures are illustrated in Figs. 5 and 6. Failure occurs by simple
chain pullout with little bulk deformation for low areal density of
connector R = 0.008r2 in Fig. 5. One end of promoter molecule
entangled with melts is still grafted within melts at peak stresses,
and another end is almost pulled out from either melt (more easily
from the loose blue melt) at failures. Once connectors are pulled
out of bulk surface, the interface becomes irregular. Therefore, bulk
dissipation occurred during the sucking out process of connectors.
The sparse connector has no signiﬁcant contributions to the bulk
dissipation as the bulk deformation is not noticeable, while the
work for separation of adhesion rises with increase of strain rate.
These bundles of highly aligned polymers are nearly parallel to
the vertical axis along which strain is applied, able to pull free from
each other. A series of lateral lain and cross-tie ﬁbrils are generated
that is most clearly seen. The ﬁnal state consists of several main
ﬁbrils.
As R = 0.024r2 in Fig. 6, the strength of interface reinforced by
dense connectors is so strong that bulk deformation in blue loose
melts is obvious at peak stress. This is similar to the surface tension
of polymer glasses (Baljon and Robbins, 2001). The adhesive forms
voids and then ﬁbrillates with much energy dissipated in drawing
out the ﬁbrils. The virtual walls act as rigid substrates, cavities
grow in loose blue melt ﬁrst leading to crazing, Fig. 6(a)–(c). For
crazing to occur, the pull velocity must be small enough to allowsufﬁcient stress to be transferred to the bulk initiating a craze be-
fore the chains can break. The force of individual connector in-
crease dramatically when more chains are disentangled from the
melts. Further stretching aligns connectors to form ﬁbrils that
transmit stress. Once connectors have slipped out of bulk surface,
segments between entanglements are expanded from their equi-
librium random-walk coils to nearly straight lines, viz. the entropy
of the thread is reduced and elastic energy is stored in the bonds of
connectors, Fig. 6(d)–(f). Therefore, interfacial dissipation occurred
during the sucking out process of connectors, and the interface
becomes rough with the grafted bundles formed by disentangled
connector chains, and adhesion fails ﬁnally at the polymer–
polymer interface.6. Conclusions
The failure mechanism of adhesion between two glassy poly-
mers with connector molecules in a 3D realistic model is investi-
gated by large scale coarse-grained bead-spring MD simulations.
It is found that adhesion strength and fracture energy are depen-
dent on separating strain rate. With the areal density of connector
in mushroom regime, the failure of the interface is mainly chain
pulling-out, bulk dissipation is not considerable; strain effects are
not noticeable for short connectors. After increasing the connector
density overlapping brush regime, the viscous relaxation of the
well entangled chains becomes important. The adhesion energy
increases with strain rate as monomeric friction and reptation
are proportional with the length of entangled chain segments.
The connector chains disentangle during slipping out of melts with
entropy reducing. Viscoelastic transition of stick–slip to smooth
sliding occurs readily. Adhered polymers deformed, and cavita-
tions and crazing formed. After being sucked out, connectors gath-
ered to form bundles, then the adhesion fails and interface
becomes irregular with grafted ﬁbers.
Further work to investigate the dependences of other abundant
parameters, e.g. the polydispersity of chains enabling scission etc.,
on the failure of adhesion is still ongoing.Acknowledgments
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